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FOREWORD

The cardinal& purpose of this report is to discuss a principle
of control system design based upon considerations of human engi-
neering. This principle wiU be found to advocate design practices
,,r iran-machine systems similar to those customarily employe.!
by engieers with fialyautomatIc systems. Admittedly, the reason-
Ing itading to the princlpie is largely speculative, but successem;
have been attained in following it which would seem to warrant a
hopeful attitude toward Its future usefulness.

Part I is intended to be fully self -contained and to carry the
complete argument for fte principle, as well as engineoering sug-
gestions as to its accompliafhment. In thblq partt both engineering and
psychological terminology are employed, but the message is phraseid
primarily for the engineer ratt er than for the psychologist.

Quite the contrary is true for Part 2 o~the report. In this part,
the dealgn principle, which tlaly was stated in terms of a contia-
uous athematical model, is restated In terms of the essential
discontinuities of stlmulus-rospon'i Psy7 logy. Thowog this may
hold nio immediate interest for the engineer, it should "rye to
provide the psychologist with a better under~'ai. :ng of whatever
effleacy the design principle may be shown to possess, Further-
more, since many psychologists tani to !hink and structure their
re sear ch &round stimuius-respoms-s concepts, Purt 2 may provide
an avenue by means of which dwn findings of paychtological labors-
tories can contribute materialty to control engiuneering.

It is too much to expect that the design principle set forth in this
paper will long stand without elaboratIon or correction. The fact
that it Is possile to ac~omnmodate the principl!e w~itn the structure
of two different, and to some extent antinomic, models points W'
irc reased spectVftty as one direction in which modificatlo" woull be
desirab!e. Future research will, no doubt, make necessary other
and perhaps more Important clianges. However, If tn spIte of its
ultimate inadequacy, the approach described in this r-!port directly
furth:rs control engineering by a small amount and, indirectly,
leads others to develop more sophisticated and fruitful principles.
this elfort will not have been wasted.
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ABSTRACT

Empirical evidence suggests that, at least for short
periods of activity, the simpler the tasks imposed upon the
human operator of a control s~stem the more precise _.d
less vartble become his responses. This leads to the view
that optimal man-machine control system performance can
be obtahned only when the mechanical compuienia of the
system are designed so that the human need act only as a
simple amplifIer. Ways and means are described for
achieving such design through 'unburdenng' (relieving the
operator of the task of acting as an Integrator) andcquckentng1
(providing the operator with immediato knowledge of the
effects of his own responses). Aided tracking and other
efforts to Improve - stablity cf man -.zaci.ne systems by
modifying the display circuitry are shown to be examples
of these two processes.

In Part 2, a %timulus-response analysisis matte c the
conceptsof uzbviomngandquickening. It is argued that in
those man-machtn system arrangements which require that
the operator behave as nothing more complicated than a
simple amplifier, a conditilon of'stimutus response integrity*
may be said to exist. Only under this condition do the
responses which the man is called upon to &ke bear an
Invariant ard proportional relationship to the Instantaneous
amplitude values of the visual error (slimuli). It is suggested
that the choice of a pur,ult or compensatory type display io
contingent upon the extent to which stimulus-response Integ-
rity has been achieved in the nystem urder consideration
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A HUMAN ENGINEEPING APPROACH TO THE DESIGN
OF MAN-OPERATED CONTINUOUS CONTROL SYSTEM

PART I

THE SUBSTIUTION OF MECHANICAL FUNCTIONS
FOR ELEMENTS OF THlE HUMAN OPERATOR'S TASK

T1HE MAN-MACHINE SYSTEM

nmany control systems toe human acts as the arrue detector. Men play such a role
in piloting aircraft, in steering ships, In ccntroltog subarines in heading and depth, inU
driving tanks %nd automobiles, and In tracklag with gim and missile directors. During the
lst ecAde it has .ue-ome evident that, In order to develop control systems with inaxinium
precision and stability, human responee cliAractertstbcs have to be taken Into account.
Accordingly, thc new discipline of engineering psychology was created to undertake the
studly of man from an engieering p~oint of view.

One of the by-products of engineering psysholoey is the cown-ptualization of the human
operator and the ma hine which Ne controls A) the tao partx of one over-all man-machine
system Figure I shows aparadigm of this concept.

DBI SPLAYS ,ACONTROj

INPUi-- / -OUTPUT

Figtare I The man-Achine ysatem
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T he man is schematized by the boxes shown above the heavy black line, whtie r.Vm-
pionents of die machine are block~ed in below. In the human, three sets of organs or func-A
tions are important to man-machine system operation, these are the receptors, the central
nervous system (CN3), and the effectors.

The r,eptors consist of tho sense organs of the body; for example, special coils in
the retina of the eye, *he organs of Corti in the ear, ard the proprioceptors in the muscles,
tendons, and joints. It to through the receptor organs that changes in energy in the external
environment take effect upon the human organism. Such energy changes which excite recep-
tor cells are called stimuli (S).

But nr* only Is the organism acted upon by the environment-in turn the man mnodifies
the external world through responses; (t) of the effector organs. In the human, the effec-
tors consist of muscles andt glands, thcugi' only the former are directly Involved in man-

machine system function. 1
Betweiin the receptors and effectors is shown the central nervous system, which con-

sists of the brain and zpinnI cord. It is through the activity of this nervous system that

thought, judgment, anid decIsIon-mak"n aise and learning takes place.

ConnectztZ the three uppermost boxes are lUwe which represent the poripheral nerv- il
ossyste m, with thosensory nerves connecting the receptors to the central nervous system
ndwith the effectors being supplied by the motor nerves. The upper portion of tho dtagrsm

may be Interpreted "s indicating that asuistion from the outside leads to nerve impulses
going to the central nervos system, wiusre %way . . ;=, t:=on ==;, =~r' to th
muscles. The Latter respond, moving the body or applying force to some obec and thus
altering in some degree the state of tMA extarral world. ''

The only part of manes eairun. repr-esented in the diagram to the -ahine, which
Is shown In the lower half of the figure. It is through the controls, the levers, knobs,
handtwheeis, and switches that human response takes its effect upon the mechanism On the
other hand, it is through the displays, the dials, light panels, cathode ray tubes, horns,
buzzers, and cross-pointer indicators that the operator is presented with information con-
cerning the activities of the mechanism, which Is represented in the schema by the 'ox
labelled M. Within the box are the vacsum tubes, tli& amplifiers, the special circuiLs, the
servo, motors, the electronic or mechanical comp-trs, and the power drives-in at irt,
snose parts of the system which are traditionally of greatest intereot to the enginee-.

At the very bottom of the paradigm are shown the 1iput and the outpuit of the syi tem.
The nature of these two quantities depends, of course, upon the particular man-machine
systen. ,Ioer consideration. In an automotle -driver system the input consists of succes-
,ive positions along tie twisting roadway, as nauslly apprehended, white the output is the
progress of the car along the htgnway. In aji antiaircraft system, the tiput Is the spatial
course of the enemy Pircraft sensed thrc 4h Oput or radar. The output, in this case,
consists of voltages which position the guns so that the bLlietis will raiso close to the target .

If the complete man-mnachine system is asumed to be- a gun pointing device, the infor-
mationa! flow is as follows the position of the enemy aircraft is sensed, let us say, hy
radar This ilformittion is processed at M and displayed to the operator. The display

mght Zbe nuch as to present the target as a dot on a cathode ray tube, aeen against a cen-
te~red crors line The operator, having been Instructed tc track the target, observes Lhe
xi~s.rignment and manipulates a control to trove the tLar~et onto the reticle. The control

tnri, when transiormed b) M, (1) changes the eystemn output 'It repositions the Run,,.
2,t.', hi .ia' ii spon- has been odequate, reduces the misalignment betwf-eD L-

-However, gince th,? input wti contlnuc to charge, tIe .

-iJ continually to make control adjustments if hie s to Ineej thne mi-a ~
x IIl have nlie effect oif insuring onat tt~e 3untp-t of

A_
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,en'ains miore or iiess appropriate to the input, I.e., that the guns w'ill shoot In the general
otrection of the tarKct. in --he ',aqp of airniane-3 tanks, radars, sonars, and the like, dif-
fe;-ent inputs and outputs are involved, but the diagram fits equally well.

n geno-ral, it is th-o task of the enginectrig psychologist to assist the engineer in design-
1n)&thedisplayi,, controls, and intervening mechanism so that the output of the main-machine

system is optimized, while the human operator requirements in regard to Liative abilityN
and training are mininmed. Specifically, this report will be confined to recommendations
con~ernIng the design of the circuits and equipments which define the task of the operator
in a con~tinuous control loop.

HUMAN CHARACTERISTICS RELEVANT TO CON4TROL ENGINEERING

Vision-Man's Basic Input Channel

Though, thecretIcally, several of the human sensas could be maJe to serve as Infor-
mation channels through whichi the man could detect changes inthe atateof acontrolled .-

j4uantity, only vision and heajr ng have been utillsied to any extent as primary inputs In con-
trol engineering. Furthermore, of the two senses, only vision has been employed fre-
quently This is principally the result of the fact that only the stense of isight permits both
the direct and accurate apprehension of geometrical space as It extends outward beyond
.ne confinus of the body. This spatial quality underlies three of the following four prop-
erties of the visual sense which are frequently eypiolted by control engireerat

ASiiLX - Though there -ar.-maiiy different meattures of visul acuity, those most raee-
vant to continuous control and Iracking tasks Indicate that %n operator with not mal eyesight

.ould have no, difficulty Ii detecting a visual error of a.3 mil real field (22), If the target
is vieved inrugo, -mt.ptical telescope, % Magnification of only six power 13 rnceded to
Increase tae visual resolution to 0.05 mil real fiWl~. Although ioss of light through the
lenses %ill attenuate this tigure somewhat, the acuity will still be very high for controi
devices.

FormPerceptIon - The ability to perceive vibually Lnd react tv spatial cunfigurattcns
in found only in higher living organisms. For certain tasks requiring Ilandmrark or target
*eclinliio, L4e 6-tl and tracking of one of mar., =agets, Un.orte dtrei Identi-

fIcation of friend or !oe, there is no adequate substitute for the human eye.

lnvulnjerahqilit to Confusion -As a result of the high aclilty and 04! ability to discrim-[4
inat , fo'rmi Lte viauwl sense Is immune to certain confusiorns which affect radar performance
deleteriously Whereas to the eye, an aircraft is recognizably different fromi a cloud or
ra- tr jm, this ts not always so with radar.

invulnera.Aiity tcE~ectic~jmi~ Though dir.-ct vision is 'Imited to moderate
i -vies and to eonditions of clear daytime vibilitly, itis immune to all forms of electronic
)At.r ing This feature gains importsrnCE as electronic sophisti~ation Increaseb on the part
Of pr''.peCljVi foes

hu-.0 lmut

The Ap2~1cation of Force - All human r-.Aponses which are directly necessary to the
!,norIn -Of nian isthine -stems are brought abol-t *!%tough the eyn'rgetl- coniractlon

. I uie, hed to the Ske.nT,-i in sudiafasnion that force is appiied
t i' nr, onz.-Is fhougli man is one of the weasest Of ne higier animlals, he Can

.ver.v hr r pound ;f force with leg andI bac <rr..isclns or sort pk r,.d, i
.0 The- trt.gzb f the a~i .,n~kdtrjal, b. ut
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tis cas. more umim 50 pourds V pull can be applied with the arms in bursts without fear

f over-taxing the orgFism (23). Less is known about man's ability to graduate his force
applications with precision than aeout the limits of his strength. However, cvidence is
available which shows that the absoiLte variability of an operator in reproducing pressures
witih aircraft-type controls increases as the presm.ires increase from one hrough 40
pounds, but that the ri~att:E varlatility decreases from one through 10 pounds and there-
after remains fairly constant tI1). Inferences from eariy lifted-weight experiments sug-
gest that below one pound the preUsion of force contre' deteriorates very raploiy (27).

The Action of Force on Different Controls - Arc.a-yss discluses the different controls,
when acted upon by physical force, responid| in wys which requi;e 4lfferent mathematical
characteriratons. Thus, if force is applied b- whatever meaas to a spring-cenwred
joystick, the angle through which the joystick is displaced Is directly proportional to the
magnitude of the applied force. This is true whether the restraining springs are relatively
weak or so stiff that they permit practically no motion of the control, as is the case with
. pressure 4oystick. With the latter, however, gain is markedly reduced from that which
obtains when more motion is permitted.

In contrast to the action of a spring-centered control, a viscouiy damped joystick
vlil respond to apied for e by mpinge with an a olar velocity proportional , the mg-

nitude of the force. Th
'
, means that, with this type of contro:, Joystick displacement Is

proportional to the time integral ot torce.

Finally, if the damper is removed, inertia added, and force applied, the joystick will
exhibit an angular acceleration which wil be proportional to the magnitude oi applied force
With this control arrangement, joystick displacement becomes proportional to the secondintegral of force. .

A. spReIs-ceNTER9o It is true, then, that zero, oneor two
coNTRO. Integrations can be accomplished by the

pnyelca; interaction between force and the

FORGE control, depending upon whether spr!t.-
,o ~. _ "centering, viscous damping, or inertia is

the dominant characteristic of the control.
a .Furthermore, the gain factors can be mod-

ifid by adjustinrg (a) the sensitivty of the
I SO .L oAPo control pickoff and (o) the amount of spring-

CoNTROL centering in the first case, damping in the
second, and inertia in the third. In Fig. 2

COTO are shown th. block diagrams and equations
for the responses to applied force of the three

types of joystick.

In te equtions,90 is o be taken as the
cHIG ReSATta amplihide of Joystick di3placement while 9l0 TRI. represents the amplitude of the force input

r (" CONTRO as functions of time. One dot over a term
cO ._ndlcsce the first derlvatie eith respect

to time, a.,d two dots the second dei ivative
of the term. The a represents a constant
which may change in value from one equatirn

to the next In Fig 2 the t langles reoresent
w . The c' .rc uron amplifiers of adjustable gait, and the square
three 'yies f manual controls boxes labelled f represent integrators.
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Fot ccan Man Oijtput - littrospective analysis suggests that the hum~an regards his
own basic output as iimu dirplacement, at least xor most situations. However, this cannot
usefully be takeni to be his outpAt i, the case where the control which he Is manipulating
Is so tightly spring -restraLd that it moves only a millimeter or two under maximal pres-
sure. Under such circumstances it is ,.onvem~ent to take applleo force as man's oaitput.
As a matter of faLt, it seems reasonable to take applied force as the fundameittai human
Output in ati ,untroi systems, since, as Hick (1946) (8) and Hick and Bates (1950) 110) point
out in toeir in'portai't papers, forc, mus be applied to every control regardless of the par-
ticuiar transfer properties invoived in any one situation. Accordingly, human output will be A
equated with force throughout this report. This Is done without mny neceasary implication
that force is more "real' than displacement or that this Particular way of looking at human
behavior wlil be especialiy productive if transferred fr~m ,lumran engineering to theoretical -

Kinesthetic Feedback - It &hould be pointed out that different control arrangements
not only integritte force a var-ying number of times, but that they a~lso affect qualitatively
and quantitatively ine Information fed Dack from the kinesthetic receptors In the tissues L
of the active itmb. When a pressure j.,ystlck is being employed, the inesthetic feedback
contains only information relating to force or pressure, since no d~splacement is permitted
by Lm;; control. However, with a moving joystick, the feedback pattern contains Information
about the displacement of the limb and, perhaps, even about the rate of displacement as
weil as stretch or pressure sptcifications. Thfs might lead one to conclude that control1 '
wtth a preseure stick woaid be less accurate than with a joystick which moved.

But quie t'e opposite conclusion has been reeched by Gibbis (7) who finds pressure
control to be superior to dispiaceiment control. In explanation of this, he sdcivces physi-
ological evidence to show that the proprioceptive information available daring pressure
control is greater in amount, mnore rapitdly conducted, and mcre directly related to applied
tension than that arising from the niaDipuhltion of a displacement control. it would seem,
however, that more evidence concerning these matters Is stlil required before the issue
of the absolute superiority of one type of control over another can be closed. This matter
will be mentioned again later In this report.

Cantral Processes

Interynittency - Whenever the human is called upon to respond to somne transient !n his
sensory environment, a period of time eiapbes before any response Is Initiated This pause
oefore the starting of a response is called the t eaction time, Luid though It varies widely
fromt moment to moment, it averages around 250 inililseco-ds If any 'choice' is required.

Ther- are several different sources of evidence (2, 4, 5, 9, 25) which suggest LOat, a-s
a consequence of the reaction time delay and other factors, human response Is Intermittent
rather than continuous, It would seem that If any type oA aervo niotor could lie taken as .0
analogue of humnan behavior, it woild have to be an intermittently tbampling servo, IAead
oi a continuous follower. The availabie evidence points L~o a periodicity in r.t of aboni
two responses pezr second, with a single response cycit tal~il~g 500 Mlilisecor '4 or more
and with this time fairly equaily divided beiveeri the reaction time and the o-vement time
It .&ppe~l E that the organism utilize3 the reaction time to 'urganie' the response which,

once triggered, run,, off to completion without direct vviuntarv controi.

B3.ndpas& - It the evidenLe on human response Litermittoncy Is ictepted, It ls possible [
to icier the higlkest Input' freckienc enich the mau .An soceessfully follow4 PraCtICA'. CX1e-

-Ieemdit ta ,. il A,ane. per CyJle Ale required to .-eprod'ica the waveform
)f 'be Input with -ranonabie fidelity it tnis is taken as a mnioliai figure, it lolic'w that

hhuman, re-ponding n do Average ui twice per iecond, will be soile ts follow with, some
c, fre-quencie, n, hl~her thai 0 :) cv6l, -, second Of courie, the low-r the vfiut
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frfiquency, me more samples per cycle will be obtained, with the result that the fidelity

of reproductifn will increase as the input frequencies drop.

Translating cycles per se-ond into radians pez second, our Inferences lead to the

specift. -ion of the human band, as. as the region between zero and three radians per

.acond

The Human Transfer Function - " would be convenient for engineers if it werE pos-

sible to write an equation which would . epresent the transfer function of the human in a

man-machine system. With this transfe, function available, It would then be possible, at

least theoretically, to design the remainder of the system to complement the man's char-

acteristics in such a way as to achieve high system precision and stability. Accordingly,

several studies have been run in the attempt to characterize human tracking performance

In mathematical terms. Perhaps the best known of these were carried out by Phillips (11),

Tustin (24), and Raggazini (17).

Two difficulties stand in the way of obtaining any single useful equation representing

mants Input-output relationships. The first relates to the difficulty of providing an ade-

quate mathematical treatment for an intermittent system, such as the human appears to be.

Though It is possible to deal with a discontinuously sampling system in terms of nonlilear

mathematics, it is extremely awkward and tedious to do so (21). It is customary, therefore,

to treat such intermittent systems in terms of the nearest linear approximation. This is

done in the hope tat, although the model ch-osen is ruco.'Ized - being an mp n--rfect anal-

ogy, It Is still sufficiently appropriate to be useful. In fact, all expressions of the human

transler function to date have had the form of linear differential equations and, no doubt,

this practice will continue. The fnal judgment as to the fruitfulness of thus approximating

the intermittent by means nf a continuous model must await the analysis of future experi-

mental and pragmatic evidence.

But oven more fundamental to the problcm of writing an equation to express human

input-output relationships Is the fact that man appears to have mny transfer fNunctions.

Evidence (18) suggests that, through learning, the human operator modifies his transfer

function and alters his gains to suit the control task with which he is confronted. U the

task requires an integration, he soon starts actirl as an integrator, or If differentiation

is called for, that also will be supplied. In short, the man alters his transfer properties

It the direction of optimiz'ng the performance of the man-machine system as it is com-

municatcd to him through the displays.

This adaptability on the part of the man If, of course, a great boon to the cootrol

designer, since he can rely upon the num..e W neite !he most of any control system, no

matter how inadequate. It Is this which probably constitutes the most importntsi lr.Ic

reason for using men in control loops. Yet, this very adjustability renders any specific

mathematical expression describing human behavior in one particular control loop quite

inval!d for notner man-machine arrangement. This suggests strongly that 'the human

transfer function' is a scientific i.nis fatuus which call lure the control system designer

into a fruitless and intermtivabie quest.

It would be better to recoglize man's propensity for adaptation and to consider whether

the human operator Is equally precise when he adopts one transfer function as wh-, ha

assumes different trannmissl.n properties. If it should tut n out that this is not the case,

it woid then zeem desirable to design the norhuman elements of the control system r as

to use the m., ia the role In which he is most competent.

Unfortunately, no direct scientific evidence is avallaole to furnish gu!dz.nce In this

matter However, -mpirical observations suggest that there are wide variations in man's

abllilt to ;at,,fv different equatio'i and 'at, spepking matnenaticaltv, he is best when
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dolag east. Itbec'omes, therefore, a fundamental assumption of this paper that the more
complex thet h"rin task, the less precise and tra mnre variable becomes the man.

1 
It Is

assumed that, within liit, the higher the nuniaer of integrations and/cr differentiations
required of the man the poorer will he perform. Conversely, it is hypothesized that the
more the human ornisrator is freed from the tasks of Integration and differentiation the more
regular aLnd precise will become the human output. Hur~an control behtvior, it is asserted,
reaches the optimum when the man becomes the analogue of a simple amplifier as shown
in the following equation:

80 (1+ -r)- 8,

where t represents a value in time, and r equals the human reaction time.

A IEASIC PRP;CIPLE OF CONTROL DESIG~N

In contrast to the poor performance of complex tasks hypothesized for the human
operator Is the fact that machines can be built to perform intricate computations with
remarkably high precision and low variability. It is true tOat stability and accuracy are

not obtalnad without effor., but for such tasks as double or triple integration and/or dif-Preintlatlon it seems uniquestionable that electronic or mechanical coniponents canbe matdeto be more precise and repeatable tha., man.

Ifthis is the case, and If precisior. Is required, it follows that when a man-machine
systeI must integrate, differentiate, or perform other higher-order computations, these
should be supplied by the nonhuman components of the system whenever poesible. This is

tantamount to saying that the human should be required to do no more than nperate as a
simple amplifier. Broadening this somewnat, addine to It a statement as to human band-,

wit, and phrasing It as a general design principle, the following emerges: qesign the
anmachn 'alem so ta 'lite adpa-3 renulred of the man never exceeds three

radianserscnan(2 the trnter functiun reeulred of the man Is. mathemnaticaly
AI Laysassipe as possible, and, wvherever practicable. no more complex thltn that of a

The remainier of this paper will consist of illialcrattonu of ways of utilizing this prin-
ciple, together th explanations of its efficacy in humAn engineering terms. However,

two matters require general Corr tent ait this early point In the discussion. First of all,
itis essential ton describe a basic condition which must be observed If the ultimate intent
Cof the design principle is Wa be achieve, . Second, ItlIs necessary to answer the obvious
question of why, after aorgnisig the sya't so that only amplification is required of the
mar., Ono shuld not take the final step of dispensing with him entirely by substitutli~g an

smnhitir in his place.

hs to the lirsi. In order to obtain optimum performance from the control system, it Is
neceas .cy, not only to design the syttem so that amplification Is all that is required of the
operator, but It is a.s necessary to Insure that the operator adopts this, and no other,
mode of response. It appears ftht when placed In a control loop, tht human goes through
a trlzl -Led-ei ror process whereln he varies his transfer function until he achieves a con-
dition of ninimuff. av'rage error as It is reflected to him via the display. It follows from
this *nt to insure the adoption by the operator of a mo'de of action equivalent to simple

'ri assumptloit and ail others to be stated if, Part I of this report are o,.dt in rein.
tic,- to ti ilking -nd cool- items -mpio,.ng 'cmpensatory" type displays sanc' tnre

aeused o-anderantiv pra-tial m-r- maclone a% stems itto isAtiolipated th it - nfa
be,, usacipiions .1, require tlaborition wher %hey aie sp,,lted -0 syst ems such as may

c- r f- t -,- vse we - P, p -r, ', the pole' iitivcn,
-c ic a, oi 'r.ssLtj ,at.
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amplification, It Is necessary to so design the nof,d,..-an comrponents that the operator will
achieve minimitin error at the display when he acts as an amplifier, If, through Inav7-q~
ence, the design of the cort -ci loop oermlts the operator 1i reduce t L1isplayed error
mnore by act.ng Al, an Integraiur, differentiator, or A combination of one or more of these

than as an amplifier, then, most certainly, he will do so.

III regard to the question of why the design principle does not lead logically to employ- 1
Ing an amplifier to supercede the man, cne can only say that it does lead to precisell
that-wheneve- it Is feasibie. Under some circumstances the best man-machine sy. emt
design will demand the removal of the human from the system. But In many other circum-

stantces It would be impractical to automatize completely.

For example, in cases where the opai ator tracks targets optically, his removal would 1
reqitire the substitution of ralar, Infrared, or somre ohter electronic sensing mechanism.

In other situations, even though it might be quite possible ti, emove the man from the
coatrol loop, It would be deemed inadv~sable to do so for safety teaslons. It can be argued
that whenever a man. must be present as a monitor he should be used as a controller so as
to make unnecessary the extra cost, added weight, and increased maintenance load %ltih
complete automatization would entail.

Finally, in many situations, it Is not foasible to simplify tht operator's task; to the
point of inquiring uf him only uimple ampliflcatilo. In scme systems the man I,; used2
precisely because he can do more In a tracking loop thin amplify. In these circumstances

it would be self -defei,.*ing tr, attempt to carry the simplificaton- process too far. Thie
would be true, for exam, IF, in the case of handieb'' cracking systema which utilize the mar.,
no- only its an error detector and analogue computer, but as the power driloes as 'well In
such caseb, complete redesign of the system would be required if one sought to supplant
the human element entirely. In these cases, one must be satisfied with the more modest,

yet still very appreciable, improvemants to be
- ~ brought about through task simplifications which

stop short of the ultimate.

~-~-IIIIIII4>~.~ - APPLICATION CF TOE PItfrCIPLE TO T.rlE
DESIGN or MANUAL TRACKINlG SYETEMS

The simplest, practical tracking sysoeimown
~III II~ ~ which cain be marle to follow with precision a

constant velocity Input Is represe~ted In ft. 3A.2
______ !ntI:- figure the(A cl es containing crosses rep-

resent mechanical or electrical differentials which
add a:gebraically. The system Is shown to consist
of two cascaded integrat~rs with feed-forward
loops around boith. Path c repreberits thc po.i~o

mopon;path b, the velocIt" component; and

Figure 3 Three eqUIVAlent path .. , thte acceleratlon component.
folic aup systemsa

Zctualiy, the position pathv.'y is not requirco for slanlity if there is no time lag in
he st, stem iCa,. b,: skown practically. however, tint he position component is -equired
- liability if ther. is a titre delay in the system of the ordt-r of the hum-,ectn time
t, Ce tie irg-m , utch will be matte reqntrea the transfer prcperiesa ol the t-acking

-- j e ,li- entlv general to 5CR nit the human tu be a part -( the tra~king loop, ther
sition coimp *'t t 'ust te included All 9tatemnew,' concern, ng a'ihiuty ''0I~er~

iS <s, i.tiC- i n
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The transfer properties of the part of the system enclosed within the broken line are

expressed in the following equation:

60a Of i ~+c 6t (2)

This is the 'open loop* equation for the system.

Figures 3B and 3C represent alternative ways of achicving the same Input-output rela-

tionships obtaining in 3A. In both of these figures the process of differentiation is sym-

bolized by a square rcx containing the ratio d/dt. In Fig. 3B, the output of the first inte-

grator is the rate component, while position i. obta!ned by differentiating this rate. In

Fig. 3C, a doublE differentiation of the double Integration provides the component of posi-

tion. while rate is obtained by differntttting-oilyonce the output of the two cascaded inte-

grators. Other ways of structuring the block diagram will be apparent, but these will suf-

fice for the purposes of this paper.

To achieve stability with any one of the three Pquivalent devices shown in Fig. 3, care

must be exercised in properly adjusting the gains of the three pathways. A slight error in

setting, if it were in the right direction would cause the tracking device to become prone

to oscillation, and the total removal of the position and velocity pathways would result in

pronounced instability.

On the tter hand, the removal of the integrators would result in a lag error. If only

one integrator was removed, a constant lag error tun'.d result, which would be proportional

in amplitude to the input velo:ity. If both integrators vera removed, the tracking device

would exhibit a lag error which would change in amplitude at a c nstant rate proportional

to iput velocity. Obviously, none of these conditions Is tolerable in a tracking device.

The transfer properties of the tracking system described abo~'e are general, in the

sens- that they do not specify the precise nature of the mechanisms accomplishing the var-

ious 'unctions. Thus, the integrations and feed-forwards required may be performed

mechanically, electronically, or even through human behavior. Furthermcre, there is

nothing to prevent certa,n of the fur.ctions being carried out (say) mechanically while the
remainder are supplied by the behavior of the man.

Such a situation is diagrammed Ir Fig. 4. The bloI't diagram represents the human
iperator as responding to displayed error through the movement of a damped joystick. The

figure showh the complete system as consisting of three basic parts-the man, the control,
and the mechanism. In the diagram, the damped joystick control is shown as acting as a

single Integr.tur In accordance with the earlier discussion. The box in the diagram labeled

MECHANISM is represented as perfurming no function other than amp,ification.

A *IW ] C0TO MEUCANISM

OUTPUT
rIP 4TtGt 0

F,.re 4 F'rac:k&g systei"n wIth a
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If it is Assumed that the input-output relationship of the man-operated system s a
close statistical approximatloii of that represented in Fisg. 3, and if the control element and
mechanism element together provide only the function of one integration, if follows thi*t the
functions of the secund integration and the two feed-forward loops must be suppled by the
man. Conssquentiv, In Fig. 4 the man is shown as acting analogously to a differtntiator,
an anipl~fier, an integrator, and two algebrc!tc adders, all in combination. The square box
labeled T is Included in the ffure as a representation of tne hu~man. reaction t'me.

From what has gone before, i' w.ould be predicted~ tnatt the precision of the tracking
system would W~ enhanced ithe operator were relieved of the necessity of acting in such
a complex fashion. Furthermore, it his been hypothesized that the cting would be
improved most if the man were required to act only as a simr'e amplifier.

One might accomplish this, leaving the control un,;hanged, by ,ntroducirg circuitry into
the mechanism which would carry out the requi:ed integrations, differentiations, and feed-
forwards. If this were done, it would be expected that the operatoe would adjust rapidly
to the changed requirements by simplifying his mode of action to a level analogous to slm-
ple amplification. All this is tantamount to Interchanging the functions of the man and tho
mechanism as represented in the diagram. In Fig. 5 this interchang- ha been accomplished.

MAN CONTRO 0'IjAI
OUTPUT

INPUTVOLTAGE

Figure 5 -Tracking system with a damnped joystick
control and perfect aiding9.

Aided Tracking

Aiding wth Different Types of Controlu - Thoovh no direct test of this system design
is known eetohvbenmade, Wli interesting to note that an arrangement otherwise
identical to that shown in Fig. 5, with the exceptiotr that the derivative term is not included,

has been used for many years in gun fire control devices under tne name c'!f rate aiding.'
Much excperimental and pragmatic evidentce exists to indicate that siding of this type U
improves tracking cunsiderably. Telts will be run In tile future to check the additional
improveirent predicted to ocur when tim derivative term is added to the aiding circuitry.

At least In theory, it is quite possible to restructure tne tracking system for thi, use
of controls other than a damped joystick and still permit the human operator to perform

As a bimpie aniplifitr Hlowever, to lo this, it Is necessary to alter the circtittry within the
mnechanism each time the cortrol is changed in such a fashion as to hold co -,Lalit the ove'. -
a,! transfer functior both elements acting in combination. Thus, i't Fig. 6 may be seen
thf block diAgrant of the tracking -nystem arringtd or an undamped, nigh inerti Joystick,
whtile F ig '.dlsniayh, the system desigi -6 1i~h a pre, -nurv loyctIck as the aperator's ontrol

;Fig, 6 that Ic'e twm .. m ,on- i- -,Applied by the action of ioce on t- 4
igh rw ,'-i "to -hr-. 'he c'ln represented a-, supplving ta'Allzatlon
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MAN-- ~ Arn MECHAK"M

OUTPUT

Li' .~VOLTAGE
Figure 6 .Tracking system with an inertial joystickr

and perfect aiding I

Figure 7 Tracking system with a pressure joystick

through tvo feed-forward loops supplying position and velocity components to the final
otput. 'efc'aiding in tis case Is obtained through cascading properly two dtfferen-

tiating circuits anc a simple aimplifier.

Quite different from this Is the case in Fig. 7 wherein the tracking control in a pres-

sure joysticc. With such a system, the action of force upon the control introduct.a no Inte- F
grations, with t , result that integrators must be inserted, along with feed-forward loops,
within the mnechanismn. Thus, it should be clear that the circuit requirements for Derfect,
aiding vary with the nature of the manual control In use, and that discuseions of aided
traciting become fully meaningful only when the nature of the control 1i specified.

Although, reasoning mathematically, there Is nothing to permit a choice among the I
systems shown in Figs. 5, 6, and 7, since they are all equivalent, It is to be expected that
smc diffurences will emerge under test. Sui~h differences might be expected to arise from
0the diffes ent kinesthetic patterns set up by the sppiicatlon ol force to the thrne different

controls, though at presort It is not possible to guess which arrangement wc-ild be superior.
The reasontng underlying the basic prirciple enuncrtted earlier in this report, would lead
only to the assertion that all three of the systems would t' more preci ;e than any ,~ther

arrangemnents which requiretd more of the man than simple aimplification.

- -lin 3Re-d o Track Maneuvering Trj_!,a - tip to now, the discussion has[
involved nmanuaily operated tracking systeu..i di~tgned to follow constant veclocity cuurges.
One It, naturaliy led to 4A.niur wnAt recommenl1

atiuns zan N, made concerning the debign
ontrot systnm4 tatendrc to be -d Ag~inst targets m-aneuvering reiiistizally. Seeh

,rget -~uroes contain important amo!.ts ,! acceleration and rate of change if
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ratio of 1 to 2 to 8 proved to be slightly superior to the predicted optimum. This single
discrepancy is not at all surprising in view of the multiplIc'ty of factors involved in deter-
mining optimum time constants of this variety.

E'en though in interplay of many processes determines optimum aiding ratios, it is
possible togive a very general statement of what is accomplished when the sensitivity
values of the various components are proportioned correctly. It appears that the proper
%iding constants for any manually operated control system are such that the correction of
the position error simultaneously reduces to zero any concomimlitst erOrs in rate, accel-
eration, or the higher derivatives. When such a condition prevaile continuously sustained
actions are made unnecessary and L, man can track accurately by acting as a simple
amplifier.

It is true, of course, that since human reaction time varies from person to person and
from moment to moment, the best aiding ratios are correct only on the average. This
means that the operator will be free to act as an amplifier only in a statistical or average
sense. To the extent that the man samples Irregularly rather than periodically, it will be
necessary for him . add to his basic process of ampllfication-at one time, Integrati..,,
at another, differentiation. However, it is assumed that on the average, the transfer ftuc-
tion of the adept tracker will approximate that of a simple amplifier if the sensitivities of
the various ieed-forward loops sre adjusted properly.

The Relative Difficulty of Mental Int.-gration and Differentiation

Up to now, no mention has been made of the relative difficulties to the human operstor
of performing the psychological processes which are analogues of integration, differen.-
tiation, feed-forward, and algebraic addition. It has only been asserted that all of these
mental fuctions are difficult, and that otep should be taken to relieve the operator of the
need for performing as many of them as possible. It would be highly desirable if, in addi-
tion to the basic design principle, it were possible to present quantitative information
about the increas. ,n variability and reduction in precision expected to occur a tho Man
takes on additional analogue integrations or differentiations. If such information were avail-
able, the control engineer would have a basis for determining the amount of improvement
which could be expccted from alterg the design in a certain fashion. Furthermore, if
circumstances p'evented him irum attaining the ultimate simplification of the operator's
task, he oudj oe able to choose the best possibla compromise.

Uriortunately, only the most indirect evidence exists as to the man's &slative and
so. oiute ability to perform different analogue mathematical processes. One example of
the kind of evIA.nra tn a .- tlble concerns the relative precision of the human when
performing mental tasks analogous to intgrotlon and differentiation. The evidence is pro-
vided by two similar tracking studies, one done in England by Gibbs and Ciutton-Baker (6),
and one by Birming)' na at the Naval Research Laboratory (3). in loth of these experiments,
tracking accuracy .h a pres.sure joystick was compared to that obtained with a iup d
Joystick. The two studies 2greeo in finding that the pressure stick was superior to the
dumped control.

rhe moot Importalit difference between the two experiments Involved the circultrj
inter vosed between the control and the display. In Gibbs study a single integrator was
employed in the mechanism to provide ' rate' tracking witn both the pressurt stick and the
displacement control. In - N RL study, both loysticka were utilized with' acceleration
aiding' circuitry. I, Fill o the two tracking systems tested at NRL are shown in block
diagrams.
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acceleration and perhaps even higher terms. Certainly, the tracking systems outlined
above would have to be modified to handle adequately such Inputs. However, it Is believed
that the reasoning remain the same regardless of the nature of the Input. In order to make
die system, previously discussed, .dequate for trac6.lng courses containing higher derivattvea,
It Is thought necostrary tM ,,ndify, the=- enly te tht: erttn z! r additional integrators
with feed-forward loops around tnem and properly adj-Uating thti gains.

Thougn no rule Is available to lndicat t precisely how many integrators, with asso-
ciated feed-for.,rd toopn, should he employed for courses of different characteristics, It
is thought that little or no improvement would result from tue addition of more than four

ofive. Searle jig) found a definite improvement in system performance when two tite-
gratIons rather than one were incorporated in an aided tracking circuit. Since he employed
a damped jystick, the total number of Lntoerationz taking place between the hand and the

nysem output were three in the cASe of the bent arrangement, and tywo ftr the other. Union-
unately, neither he nor any-ine else hat reported systematic tests of aiding arrangemort -

incorporating more than three integrations.

The control designer's task of choosing the proper number of Integrations, with ^9eo-
diated feed-forward loops, Is made lae critical by the fact that If more integrations are
provided than are needed at any moment. the superfluous integrations do no harm as long
as stability and transient problems have been handled adequately. Tha unnecessary tite-
grating devices merely fall to contribute significantly to the output under these circum-I
stances and, thus, at worst, only a waste of circuitry is invol~ed. Because o! this, It would
seem prudent to build aidtd tr.Caing systems which are intended to handle a variety of
inputs with a suff~clent number ci intaggrAt.nV circuits to provide for the mcre complex tar-
get courses -ixpectcd. By th~e means, maxzium zack~i4 precision wili he assured at all
times regardiess of he complexity of the tracking task.

Aldin Ratios - It has been pointed out that the purpose of aided tracking Is to remove
frm eoperal r the burden of integration, differentiation, feed-forwiard, and analogue

addition and multiplication, and to permit him to operate as a simple amplifier. To approach
this ieeal as closely as possible, it is necessary, not only to Insert the proper components
Into the mechanism, but also to adjust the vartons gains correctly.

It is knovn that the optimum relationship between the gains of thn various feed-forward
loops varies with the time delays in ins system and with the nuz 'er of components being
combined Because of this, tests of the optimum Itime constant" i position senslitty
divided by rate sensitivity) give values which vary from 0.15 to 5.0 seconds 10j Pt appears,
however, thai for continuous tracking tasks c-here the loop Is tight and where the display is
such as to permit fine resolutlon, the optimum tinms Lonstant lies between 0.3 and 0.5 second.

As to time constants for discouttnucua traikIng Laaks, W-r..ler, Russell, and Preston
(14) developed an equation for the uptlmum siding rati3 to bie used with PPI preertat~ons
where the targe appearr ritarmitte~itly. They L acluded that tho optimum time constant
in such use always equalled the numnczr of faeconds between ' paints* on the ra,' tr is'reen
rhty also pointed out that their result wAs consistent with a time constant of auout ,)ae 'RI.
second for continuous tracking if the men Is assumed to respond intermittently at inter-I

Sezr c L9), issumlng that the Addition of an acceleration component to position sod
rite would irn je systevi performnce f~r ontinuous tracking ta ,ks, unc'crtoolt A settlee
,f te.%t of aiced tracing. Accepting tOe assumption uf intermItteat sampling by the oper-

ator at a Inequercy of two , .r second, and carryin-g over the rea~anlng of Mechler, Russell,
and Preston wInbclude acte~eration, Searle prtdlcted tht .he uptimumn ratios iii .Onpojerit
sensltl,-itie vxould be I to 4 to 8 for position, rate, and acrelcrat1 Dn, respectivey T' Ih
,,c,'AUctlon was co)nfIrmed in two of three experanlen.i -Wch he ran. in a third test an Aid"n
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g VOLTAGE

A DAMPED JOYSTICC

& RREWRE 40YSTICK

Fiiu.-e 9 Fio ' charts snowing the different human tasks
poaca of a iamptd joystick and a pressure control

In these diagrams, it is assumed that three integrations with associated feed-forward
loop. are required in order for the whole system to function adequately. This is not a criti-
cat assumitpion, however, for the rgundfint Wo be presented Is the same no matter how

may integrators. beyond two, are needed. It Is apparent from Fig. 8 that the man Is
required to act as a simple amplifier and a dlfferontiator when tracking with the damped
joystick, whereas he must act analogously to an Integrator plus a Pimple amplifier when
using the pressure joyscck. Thus, with either system, th3 operator is called on to per-
form two mental tasks, with one of them -amplification -being common to the two situ-
ations, and with the second task aping differentiation If. one case and integration In the
other.

In the British study, the human operator was required to act In a more complex fash-
inwith botn twe aressure joystick and the damped control. H-wever, in this experiment

like Mhat of NRL, the only dafferance I.- .he operator's mental activity In the two tracking

he was required to s.~t like an Integratot whereas with the damped Ioyst,ck system, the
task of differentiation was substituted for that of integration.

Since uoth studies agreed in showing tha. the system was more precise with the prow-
sure control than with the damped joystLiK, it may follow that th-t humnan is able to carry out

analogue Integration better than analogue differentiation. ltowe~er, since tne two taliks
IM 'c! thie studies differed, rot only in regard to the analogue computation required,d

but atso, as Gibbs I'?) pointii out, in .pajct t the '.at, r- of thf! klnesthe,, feedback pet-
Wris evoked in applying force to the joysticks, any conciusion from the results nmus r
regarded as highiy tentative. Only when a comparison of the human's proficienLy in tonte-

gaiig Ana cuulerentiatiniz Is run In an uncontaminated test. .Ai a oncluslon be retiched

which Is oetter '0an a, tormea guess. U
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APPLICATION OF THE PRIICIPLE TO THE DESIGN OF
SPECIAL CONTROL SYSTEM DISPLAYS

Unburdening and Quickening

An analysis of the manner in which aiding enhances system prformance uncovers
two processes which act simultaneously but In quite different ways to simplify the human
operator's task and to better system operation. One of these has the effect of relieving
the man oi the necessity of applying force continuously or in some time-sequenced pat-
tern. In the systems discussed, relief has been provided by inserting integrators in the
mechanical portions of the system. Tis process of easing tie human's task by reducing
the required effort may be termed "unburdening," since it has this effect on the man.
Because in home practical instances, unt'urdening is accomplished by regenerative corn-
puters considerably more complex than simple integrators, the term appears to be generic
and to apply in many situations not hitherto discus: ,d

A secono process, of equal importance, may also be distinguished as contributing to
the enhancement of system performcnee brought about through aiding. This process may
be termed *quickening," since one of its effects is to pro-ide the operator with immediate
knowledge of the results of his own actions. In aiding, quickening is accomplished by feed-
forward loops which add position, rate, and other necessary higher components to the out-
put of the integrators which are performing the Lnburdening operaticn Since the system
output is continuously fed back and displayed to the operator, he is made instantaneously
aware of the early effects of his own actions if quickening is adequate.

In the tracking systems discussud up to now the two processes complement one another, [V
with unburdering making it unnecessary for the operator to supply integrations, lad with
quickening relieving the human of the necessity of differentiating. th processes mello-
rate system precision, the former by reducing human effort and removing lag errors, the
latter by providing stability.

In all of the systems met with so far, unburdening and quickening have a direct effect
on the system output as well as a secondary, indirect effect resulting from the operator's
responses to these changes. Though it would seem that the very nature of unburdoning was
such that it coulo not be achieved without direct modification of the output, this is not true
of quickening. In certain circumstances the latter can be accomplished through altering
the nature of the inform~ation fed back and displayed to the man, without changing in any
direct fashion the output of the system. This factisextremely important since It means
that the benefits of quickening can be achieved even in those systems phere, for one reason
or another, the output i- inaccessible to direct manipulation. Thus, in surh man-machine
control systems as those of ships .nd airplanes, where the outputs are determined in large
par 0, immutable 'ydrodynamic or aerodynamic force relationships, enhanced stability
and precision are still attainable through the quickeni.ag of the information displayed to the
numan operator. This corresponds closely to the use of Lertain types of equalitation net-
works to btabilize fully automatic systems in similar situations.

A Quickened Display

An example of a case requiring display quicker'ng is provided by a control system
block ditagrammed it Fig. 0. "his device is intended to operate on a course input which
consists only of -tep function position changes, so spaced that the full correctlnn of any
one step may be achieved be,, , the next requires action. The time constants of the four
integrators are long, and this, coupled wlti #he fact that the integrators shift the plse of
the input through 360 degrees, cause!, the ,ystem to be quilt unstable.
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MECHNA'ISMINPUI

rtifure 10 - The control systcmnwith quickening t..king effect on output

The quickening of this device presents an intriguing problem since the obvious eLW-
lion diagrammed in Fig. 10 is ruled out by circumstances which prevent making changes
which affect directly the output of the ontrul system. The problem may be solved, how-
e~er, by picking off the components of position, rate, acceleration, and ite first deriv.tive
Of aCCele-LU1n, amplifying them properly and adding them algebraically In the feedback
loop going to the dinplay (Fig. 11) . The display may take the form of a cule -pointer dial,
with one pointer . esponding to ordered input and with the other being c~ntrolled by the
quickened feeatiack. With this arranoeernent, the maii has only to ipciratc his Control so that
the foilow-ip po, -r matches the input-pointer at all times Tests run wit. such a device
-"vc ndicated tint, instability may be complctely ell&u,lnated by this means of quickening.

Two other exampies of quickened zlspiays similar 'a this re Providad in Arcaft
instrument developments. The fir'it, and probably the beat known, example of display
qulckeniing is furnished Oy an instrument known as 'The Sperry Zero Reade, (13, 15j.
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MAN ANDI

ME HANISM 
'T

Figure I~ I Ah control system with uieringo

Quickening afec Fione Display

rhe nserion Failtrer It A control sooyte resuflter in sytml ntoop Atac-i

in otem eradped in this' fshionr ispctue inte S~12 tis digmthe fecite is
Anshon a n effect !~ erorih n this aelpms icothe aeris ofic th etd
a tia tihtestng of thelo atrond sytem piowhatiih more orlongate olednt
of~h itr h upttnsL suae hsi the result of the faesthtohesperto

puerpetualered uDslay nhscrrcinsne h itrdstrsaddly

inforsysion daded thes fa~sofhison spcuehavior2.Inn tis required, toe overm is

lag 'utween what the man cces and what he Rees himself do.

To exp~ain the .ne ins whereby this quickening can be accomplished, it is first neces-jjJ
sar y tu reoraw the blocl, dlagro..n to show a system maiiiei.aticlly equiv.alent to that dia-
gramm. n o ig. I!. Iii the restructured diagram. Fig. 13, the single lte, has been
remo,,ed atid two fit-rV, dentlca! -Ath 'he .iginal, h,,ve '* jn muostituted. With one
of these acting dIreti) upon the Input antd with it- other filtering the fed back O'itpu,, the
transfer citaracteristics of the restructured system are identlc.l with thoste of tne orlgin.1,
'nwi, :1 Fiq 12 !'he onl difference between the two irrantgemteets Is lost ltering of the
nput tnd fed ba, t outpuiocurs after they are addedtogether. inthe,- caee, andblcfnre
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INPUT CONTR1OL OUTPUT
-- 1 F MAN AND

Figure 13 -Filtering equivalent to that shown in Figure 12

Figure 14 - The Introduction of&
ccp.ee ,sry filter in the feedback loop

WTOOK"RL o~P

MAN AND

L1 L 1 L~ecHKAN~s

Figure 15 -The effect of Lio filtering
shown in Figure 14

To quicken the systfm as it is represented in Fig. 13 it Is necessary to nullify the
effect of the filter In the feedback loop. This can he done by inser~iiig a complementary
filter in a loop around the original filter as in Fig. 14. If this complemenitary fiit,,r '-as
fiiters, the eff~ct will be to remove all filtering from the led barK lautput. Tht ,y3tcm~
mty now be pictuired as having th.e functions :inown in Fig. 1!5. The qu'.ckening is perfect,

ad the operator is given immediate knowledge of the re-,ults of Ms actions.
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However, though the quickening has Improved the res~ponse characteristics of the
systc= as far as the human's tracking is concerned, in this instance it has also introduced
a sizeable dynamic error into the man-machine system output. This can be seen by refer-
-ing to F~g. 16, an(' comparing the system input with the system output. The sinusoids
appearing at various places in this figure symbolize the response of the system at these
points to the Input frequencies. The high fr,-auency 'noise, supernmpo.]ed on the basic
low trequency component in c and d is generatf J1 by the human attempting to maintain zero
error. 3

The system output (ci differs from the system input (a) in amplitude arid phase because
the fed back system output (d) does not mstch the input. *I, t rather the Input after filtering
(b). To overcome this attenuation arid phase shift lind, at the same time, to permit quick-
ening, it is somehow necessary to cause the low frequonclee to be filtered in the feedback
as well as In the Input and, yet, to let the operator's high frequency cejrrection motions
come through unfiltered. This can be done by adding to the 1 -F circuit of Fig. 14 an appro -
priate high-pass, *antlbias' filter as shown in FIg. 17. When this Is done, the trscker's
nign frequency correctl~e responses. pass through the filter combination in the fechack
loop and are displayed essentially unmodified. However, the tow target course frequencies
are prevented by the kntibias fiter from passing through the 1-F circuit, though they do
pass through F, and are thereby attonuated and delayed by an amount equal to that achievod
by F acting on the input. This It to Bay that with respect to the low target frequencies, the
system shown in Fig. 17 Is similar to the systems represented in Figs. 12 and 13, in that
no bias de elops. On the other nand, with respect to the human's high tracking frequen-
cies, the system of Fig. 17 is similar to that shown in Figs. 14 and 15, in that the opera-
tor receives Immediate indication of his corrections.

Figure 16 -Output bias resuiting from F ILI AW
complementary filitering K-W

_Igure 17 - An Antibla, network combined
with a comnplementary filter

3
For reasona of aimpl-ct) and ciaroy the sinuaoids -cprese-ing inatein r- Ponse

re pit -td A. d,fffeing cnIN in airplitod. In ac'',nlnt the phae ahitts wh,ch are ,r -
ls at.,l ,.tn Itttenu,. -o are ot Paramnii,, *. .. I-t ne In the denelopmrrnt of tne bias
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In this way, by combining complementary and antibias filters, quickening is achieved
and stability is obtained without introducing a degrading bias. The conjoint use of these
two types of filter is sometimes termed 'treatment.' Figure 18 is operationally equiv-
alent to Fig. 17 and shows tne treatment circuits applied to the system as it was originally
diagrammed in Fig. 12.

A simulator was set up at NRL to act as an analogue o! thi. system. Human operators
tracked a sinusoidal course with the device and the system output was recorded. Three
conditions were compared. In one-third of the trials the operators trzcked with no filters
and no treatment circuits in the system (Condition 1). Another third of the trials were run
with the filter in, L-ta with no treatment (Condition 2). This condition ic represented In
Fig. 12. The remainder of the trials were run with the filter in and with treatment also
incorporLted in the syster (Condition 3). The results of this experiment are shown In
Fig. 19. It is lear that the quickening produced by treatment was efficacious in reducing
the tracking e-ror almost t- the level obtainlng in Concitf n . Th=. dha girading effect.
of the original filter are almost completely removed by the treatment networks.

An analysis of the coatrol system described earlier and diagrammed in Figs. 9, 10,
ar.d 11 indicates that had the input to the system beon anything other than a series of step
function position changes, an antibias network would have been required when the quickening
was performed as In Fig. 11. In fact, it is probably true that most effort to quicken a
display vilthout affecting the system output directly will esult in a system bias unless
some form of antibias network is included in the quickening circuitry. At present, the
design of these antibias circuits is a relatively undeveloped, but highly promising )d.

Figure 18 - An antibia. network combined
with a complementary f[lter as actually
applied

01

WIFtgure 19 -The eifec' C'f Ilter~r cnd b- 8s
reatrneot ,pon crackng e';or 4
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PART 2

A STIMULUS-RESPONSE ANALYSIS OF TIE

SIMPLIFICATION PRINCIPLE

STIMULUS-RESPONSE INTEGRITY

In the first part of th report, a human engineering principle of control design was
stated md cxplained. The principle asserted that man-machine continuous control systems
should be designed so that the task 01 the operator is as simple, r'athematically, as pos-
sible, and whenever feasible, no more complex than that of analogue amp~fication. This
principle follows from the assumption that the simpler the mathematical characterization
of his task, the more precise and the less variable becomes the operator.

it i i sc cgnized tlut thefe Is very little experimemai evidence yet avaliable to support
this --ssumption ixd, certainly, it .annot be held that the supposition is self-obvious on
logical grounds. Yet, it is believed that the assumption rests on a basis more solid than
pure speculation. It is the major purpose of the second part of this report to attempt to
show that the design principle itself and the conjectures upon which it is based are entirely
in _accord with the relevant facts of psychology. Toward this end, a start may be made
by discussing the process of amp ification and describing the stimulus-response relation-
ships that prevail when the design principle has been followed to the end.

With a simple, linear amplifier the amplitude of the output is directly proportiona to
the amplitude of the inpu

t
. More or less the same relationship will hold for a human act-

ing an-lorously to aa amplifier in a control system. If it is assumed that force is the huma,
output and that the direction and amplitude of the visual error is the input, then, were the
man to act as oi simple amplifier, he would hold force at all times proportional to the mag-
nitude of the visual misalignment.

That he cannot do this, however, in any strict sense is attested to by considerable
evidence, cited eardler, indicating that the human is an intermittent rather than a continu-
on.3 resno.ler. As has een suggested before, it seems reasonable to suppose that the
operato of a system responds to 'he visual error now and then rather than all the time,
and further, that once a response Is under way, it runs its course unguided by visual evnts.

But this, In no way, itvilidates the design principle nor alters the general proportion-
ality between the amplitude of the visual error input and the mpn's force output, when he

.rforms as an amplifier. The intermlttency sets a limit to the operator's bandwidth and
reducez, the proportionality of his input-output relationships from strict to approximate
Except for this, however, human intermittency requires no modificatior in the basic thesis
of this report.

The translation of the process of amplification into stimulus-response terms begins by
Identilying dhe direction and amplitude of the visual error as the primary stimulus for
anloguc r amplification and the force output of the man ? the responFe With stimulus and
response thus denoted, it may f ,rther be pointed out that n thobe ituations where the man
is free to act as an amplifier, an invariant and proportional relationship will be found to
exist between the primary stimulus ana the required response This is tc say that the
information contained in the instantaneous amplitude value ul the _itmult,s is sufficient to
specify completely tnt I-sponse which will reduce that value to zero.

At first glance, this condition, which will be , ,erred t ) from now n a *stimuius-
respons rtegrttv.' appeacs to be er

t
ire

l 
cotimnwplace and hardly wVrthy of note, not tu

'Ile, ,'h r One Yet, te iccurrovi v o? the ,tite Is far m,.re rare than one might suppose.
A, a r a:etr of fi"t i iir, bt h drontrated that this one-u - m( -v!.iionshp belec
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stimulus and response holds for no control arrangem~ent, whatsoever, other than one call-
Ing for analogue amplification on the part of the operator. In every nther case the human's
task is mathematically more complex and the operator must take somethlig into account
other than the antpliiude of th visual error. In some situations the ..qn must try to mod-
,fy his response to the visual signal in terms of his memory of the way tWe error has been
changing un the past. At o;her times he must vary his response to the visual error depend-
ing upon information supplied by kinesthetic feedback. But if ll cases, except those call-
ing for the mathematically simplest operator task, the corre!atlon between the response
and the amplitude of the primary stimulus is lov,, since the human output is a function of
several stimulus dimensions rather than only one.

It was pointed out earlier in the report that two different processes were involved In
simplifying the human's role in a control system. One of these (unburdening) involved
supplyin mechanical or electronic aids which would relieve the man oi the necessity of
apying force continuously over extended periods of time. The other (quickening) consisted
of giving the operator immediate knowledge of the results of his own actions. Whr bo-h
of these processes are carried to completion, the goal of the deslgn principle is achieved,
and only simple amjlification is required of the human operator. However, less than com-
plete unburdening and quickening results in conditions where the man must perform tasks
which are mathematically more complex than amplification. It is convenient, therefore,
to organize the ensuing discussion around these two procese:s and to make the effort to
show how they relat, to stimulus-response integrity.

hcomplete Unburdening

Let it bc assumed that the operator of a man-machine control system Is responding by
applying force to a pressure stick in response to a tracking error presented on a visual
display. l1 the unburdening is inadequate, i.e., if an insufficient nunber of Integrators are
Included in the system mechanism, the man will be required to apply force continuously for
varying periods of time in order to track the target. Furthermore, it will be tound that,
under these conditions, the amount of force and the direction tn which it must be applied
bears no consta't relationship to the direction and amplitude of the error as it is displayed.

Thus, if the operator must supply one integration in order to track (say) a constant
velocity target moving from left to right, he will be applying a constant force in such a
direction as to counter the steady input when the amplitude of the displayed error is zero.
This is to say tMat the man must emit a sustained output with the input at zero. If the
course Is supplied in the opposite direction, then this time, tne operator will achieve a zero
error by applying force in the opposite direction. Finally, if the course input is iemoved,
the vi.ual crror i'n c.- -4- , to zero when the man applies no force to his control.

It is clear from this that the same visut.l stimulus (zero error) calls for a response
,,rce output) In one direction at one time, the opposite direction at another time, and for

no response at all (zero force) at a third time. In order for tne operator to tal , correct
action under all of these circ.nstances, it i:s Liearly evident that more information is
requirnd 'aan is supplied by the primary stimulus.

A similac state of affairs may be shown to exist with a tracking erro- of finite size.
Deper.. 'g upon what has beer going on prior .o the development of such an error, tle error
v-0!! c1!! lor a thi. ipptication of force in tne indicated direction, if no force is already
b. .p app~ir, mtn increate 'n the amount I force, tf force is being applied in the
i:wac.4teo direct' ,., or i c) a cecrea,,e in the an-ou.,t of force, if force is already 0 :ing
al.plied in the airection )ppo ite to that indicated

v-i
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Rolh .f thasel i r. .Gns. ,,.uw a Lu,uition of low stimulus-response integrity, since
te required response bears ao .avariant re-atlonship to the instantaneous amplitude value
of the stimulus. Rather, the behavior called for at any moment must be edu 'ed from pro-
perly weightpd and combined datR jointly supplied by the visual error amplitude and the
memory of the -espuo-se everts Immediately preceling the act. In Uiese examples, the
reduction in the Integrity hs beeo broughi abvuz by insufficien unburdening, although wad-
equate quickening produces a sinucar effect in a different way, as vrill now be shown.

Inadequate Quickening

In situations where there is a time delay in the control loop, the instantaneous ampli-
tude values of the visual stimulus generally will ,ct correspond to the re.,,tred amplitude
values of the response. This can be understood if one visualizes a damper, joystick track-
Ing device with only a simple amplifier in the mechanism (Fig. 4'. Into this system let a
long transmission delay be inserted. If now the subject perceives a visual error inlected
as a position step, and responds by applying force to the joystick in the appropriate direc-
tion, he will recive no visual confirmation of the fact that force has been applied until one
detay-time later. If the operator has been continuing to apply force throughout the whole
transmission delay in his effort to reduce the error, he soon discovers that he has over-
controlled to a marked extent.

What the operator vould have had to d5 in order not to overcorrect would be to start
out by responding to the visual error just as ie did, but thle., after the *orce had been
applied for a time, to react to the unchanged visual er'ror by reducing applied force to zero.
In other v.>rds, in order to correct the error, the opelator would have had to make two
different responses at different times to the same stimulus. Quite obviously, this Is-
condition of lov stimulus-response integrity. Warrick (26) has demonstrab d that a trans-
mission delay of as little as 40 mi'Aieeconds affects tracking performance adversely, though
the operator is not consciously aware of the delay.

Unpublished studies done at NRL and the Aero Medical Laboratory sit Wright-Patterkon
Air Force Bae have shown that exponential-type delays In the tracking loop also degrade
trackir.g performance by an amount related to the time constant of the delay. As is the
case with the transmission lag, the exponential delays bring about disruption through
reducing the stimulus-response integrity of the system. The cure with both types of time
lags is the most direct form of quickening, i.e., the removal of the delay.

Quickening of a somewhat different type is required in aided tracking. Curiousl.
enough, the chief necessity for it arises from the insertion of integrators intO the tra 'ing
loop for the purposes of unuurdening the operator. These integrators Introduce o phase
shift which, as far as the human is concerned, acts like a time lag,

To exemplify th.s situation, let it be assumed that an operator Is trackbin with a pres-
sure sticx control and with two lntegrators and two feed-forward loops inserted in the mech-
a ism (Fig. 7). With such an arrangement in proper zdJustment and Vith simple ,arget
courses the man can act like an amplifier and track with high precision, since a good cor-
relation prv is between the Instantaneous value of thne ,tsual error and the response
required to reudce it to zero.

However, all tnts is changed wien the feed-fox ward loops are removed. With no qulck-
ntngt me opera.or be&.,,. to overshoot and oilllate arcund twe target. In servo teml-

o he ystem 16 unstable.and if the operator's tas - in this unquickcned situation is
analyz. d t car bt 4ee- why In ordc for the man tc knowj what respon!o to make at any

.eoe', time he roust t.ke into account (I) the In.t..taneo,., .,rectlon and amplitude of
"lh dt pla* d vlijal ,rr'r. k2) the velocity it which the error position ha, been changing
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and (3) the rate of cbange of the velocity of the error. Yet at any instant, oidy the direc-
tlion and amplitude of the error are displayed directly, where as the other two quantities
must be supplied by estimates based upon error values extending back in time. If the
instantaneous error value is taken to be the primary stimulus, it follows, therefore, that
at different times different respoirses ara required for the same stimulus.

For example. the operator must respond to an error of a certain value by applying
force in the indicated direction if the error has just been Increasing at a constant or accel-
erating rate. However, ne must respond to the sn.ne stimulus by applying force in exactly
the opposite direction, if, during its recent rast, tie error has bee'i diminishing at a con-
stant or increasing rate. Finally, he may have to exert no force at all if the error is
decreasing at a decreasing rate. In short, without the quickening provided by the feed-
iorward loops, stimulus-response integrity is destroyed and the tracking system tends to
1become unstaoie.

Fi ,m the foregoing it seems evident that there Is a ulose relationship between math-
ematical anu psychuivgica dsc!tin of human control task complexity. Thus, the oper-
ator need attenu only to the primary stimulus while performing the analogue of the mathe-
ruatically simple task of amplification, whereas he must simoltneously take account of
several channels of information when acting In the more complex mathematical roles of -
integration and differentiation.

It seems reasonable to expect that, In general, complex psychological processes, such
as those mediating responses which are based upon Information culled from sevwral dif-
ferent channels, will vary more from one instant to another than will the relatively unc-oo-
oiirat-d operation of acting on values within a single informational dimension. In other
words, one would expect performance based upon simple stimulus-response bonds to be
less erratic than actions evokid through the exercise of complex stimulus-response tIP
connections. _ _,1

The simplification principle, which Is the raison d'itre of th-.ie report, stan,'s or falls
on the assumption that the cordition of stimulus-response integrity is associated with
reduced human variability and enhanced response precision. It Is now argued that this
association is produced by virtue of the fact that the condition of ittmulus-responee inte-
grity prov'des the operator with the easiest of all possible eye-hAnd coordination tasks.

LZAPNflNG

Providing the operator with a specific tank, simple or complex, does not, however, F -
insure his perfor tance of it. A second assumption behind the design principle is that the
human will learn to change his performance when the presented task is changed, Le., he
will ieirn. to do whatever he Is supposed to do in order to optimrze his own performance.
Thus, it is assumed that if the system is designed to require complex actions trom the
operator he will graAitally learn to perform then, whereas, If only simple acts are called
for he will adjust his 'set' so as best to excute these.

rnere is certainly no question that the human car' lea .ough trial-and-error in
circumstances slmiLr to those encoutered by an operator of a man-machine system.
Asuing as'equate mot .onintheformofinteest ,, the task and desire to perform well,
thp Pq every reason to suppose that the operator c a macnine will, in time, come tW
adjust hi response characteristics so that 1%e is doing whatever is avcvsary to Keep the
error beloA ,ome - -,zIorai tolerable" level. True, this tolerance ,.vel li vA.y with
und.Itions, if 'nC t2sK proves difficult, it will probaly be set high, wnile for simple tasks

V .111 undoubt.dly oe Lowertd. hurther, tre average tize of the err'r tolerated by th,
uoprator tIll peobabl vary wlth (ie stage of his ie..rning and tOe le-I af proficiency with
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.,hch he is capable of performing. Nevertheless. it is unlikely that anyone will seriously
chalienge the assertion t'iat, given sufficient practice, tne man can learn to perform con-
trol tasks representative of a wide range of mathematical and psychological difficulty.

The hazard in the assumption relates to the speed of learning. If the operator learns
rapidly there Is no problem, b-t should week. ot p. actice be required in urder ior the
human to cha!%e his response characteristics to those oumanced by the mechanical compo-
rents oi the man-machine system, the design principle as stated earlier may be open to
serious question. To be specific, if the o perator, when called upon to do so, cannot start
acting fairly quickly in a manner akin to simple amplification (i.e., start applying force
roughly in proportion to the amplitude of the visual error), the simplification principle, as
presently stated, no longer holds true. Experimental evidence is sorely needea on this
point.

COMPENSATORY AND PURSUti' DISPLAYS

Xust as the speed with which an operator can learn to change his mode oi response
may be critical in regard b 'he validity of the simplification principle, so also, may be the
rature of the visual display employed in the system. Up to this point in the report, very
little has been baid about the manner in which information should be presented to the oper-
ator. This neglect has resulted from a preoccupation with ways and means of overcoming
the necessity for presenting complex information to the man. However, it is quite likely
that the nature of the display will influence system performance to an important extent.
For example, it is to be expected that in those cases *here it has not been possible to
achieve complete stimulus-response integrity, the man will do his beet only when he is
provided with adequ:ate information for the int.grations and differentiations which he must
carry out. On lhe other hand, in systems where the operator need act only as an ampli-
f~er a simpler display may be in order since less information is required.

Two fundamentally different types of display have been employed in research studies
on tracking. One of these, termed a *compensatory" dirplay, presents to the human a fixed
center reference mark or reticle and a moving Itarget Iniage" which repond to the dif-
!erence between the input to the control system and some function of the output. NVlth such
a display, the operator's task is to center the target signal and to hold it on center as well
as he r n by means of appropriate responses with the control. This display presents
direci1 to the operator only visual error in terms of direction and amplitude. No imme-
dilate inierence as to the nature of the target course is permitted since the Input and output
of the system are mutu.,dly contaminated through being mixed together.

In contrast to this "single channel* indicator is a 'pursuit" display which presents
three channels of Information rather than only one. Visual error 1, here shown as the dis-
tance between two stparately actuated signal markers. One of ,6h-c markers responds
directly to system input, whereas the second, representing system output, may be made
to cursue th" first when the operator applies appropriate forces to the control.

By means of this one dispiay, information is provided to the man which permits him
to take account of the properties of the irliut and output independently of one another, as
well as the nature of the error. Tqus, If input rate is required, the pursuit display provides
inlorn.ation which. when c'" rentiated by the operator, 1,4rnishes tis quantity. lo cunrast,
the compensatory display does not provide this informatin, nor does it supply anything
w.Ic Inc mar. can operate upon directly to obtain ssxem oatput rat. In the uuru,,,t tudl-

or, the latter ,s pr ,lm wo by the respxnlse of one if t '.j signal markers

1, o flOW, the lisei.ion lin both part of this . eport has assumed that a tompensatory
lh-pi s as btirg -Noued n till Inan-machine hstems descrhed rhis i' e"r. t. ue I )r
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the indicator associated with the control system discussed inde the neading A Quickened
Didplay on page 15. Though the dispLay is oescriwed as a double-pointer dial, the nature
of the system is such that during those periods in which the operator is carrying out hit
control taAk, one of the pointers remains statlo.ary while the other !i neld In allgnment
with it through balancing responses made by the man.

Compensatory indication has been assumed throughout this repo-, since it is far more

frequrntiy emPLVyI.d ;1 , -..- .. ntrol systems than are displays ol the pursuit
variety. This hoice is Influenced by the serious practical Ilmitatior s on the usefulness
-, urr_ t displays. Perhaps one of the most troublerome of these is the restricted sensi-
tivity of this type of indicator. If, for example, all 360 degrees of azimuth and 90 degrees
of elevation nad to be displayed slmultanot.ily on the indicator, as would be required if
a pursuit display were used to present tracking information In a gunfire control director,
sensitivity vmuld have to e so much reduced that precise control would be Impossible.
In con-rast to this, very high error magnifications can be achieved by usiog compensatory
dispays.

B ,t to return to the discussion, it would be predicted that if a pursuit display could be
useo it would make possible more preLise human performance than would a compensatory
indicator under conditions of less than perfect unburdening and quickening. This would
result from the fact that the pursuit display would supply the operator with more informa-
tion than would the -ompensatory indication. However, If the condition of perfect stimulus-
response integrity had been reiZied, the additional information provided by the Pursuit
display would not be needed by the operator. Consequently, in this case, it would be expected
Lt'- . ,t.. =fference woald be found between the two lypes of indicators or teat the
pursuit display would actually become worse than the compensatory. This would occur if
the extra inormation presented in the Pursuit display had a distracting effect or- the over-
ator. Such conslderaiuon, suggest tWt the be"tafita to be derived from the une of one type
of indicator over another will vaiy with te level of complexity of the operator's task in
toe system In question.

Studies by Poulton (16) and Senders and Crazen (20) attest to the suporlority of a pur-
suit display over a compensatory indicator in an unaided tracking system. By means of an
ingenious arrangement, it was possible for Senders and Cruzen to present the subject with
eithar a purrit or compensatory display situation or intermediate combinations of the two,
They found tnat the tracking improved continuously as the conditions were gradually altered
from the pure compensatory arrangement to the pure pursuit condition, though the change
from. 50 percent to 100 percent purcul was not statistically significant Their findings
support the contention that if 1he operator must act as an analogue compiter in order to
trackprof Aently, the pursuit dsplay will furnish him with the best information.

Unfortunately, adequate evidence is lacking !; regard to the hypothemis stated above
that the superiority of the pursuit display over the compensatory will disappear when the
syLtem is perfectly unburdened and quickened. Research on this matter has begun at the
Naval Research Laboratory.

ACKINOWLDGEMENT

The autnors wish to xpress their appreciation to those .c r --i1
md psychologists wh, ad early d&afts of this report and provided helpful suggestions.

"'

cii



tv-se -

REFERENCES

1. Anderson, W. G ,and Fritze. E. H., linstrument approach system steering computer,"
Proc, I.R.E.. 41:219-228 (1953)

2. Bates, 3. A. V.. 'Some characteristics of a human operator," 3. Inst. Ele. Engrs.,
94 (pt. If ",t298-304 (1947)

3. Birmingham, H. P., 'Comparison of a pressut e and moving joystick," NRL Ltr. I
R9eport 3600-330/50 rae, Oct. 9, 1950

4.Cralic, K. J. W., *Theory of the human operator in control systems.
1. The operator as an engineering system,' Brit. 3. Psychol., 36:9.6-61(1948)

5. Cralk, K. 3. W., "Theory of the human operator in control systems. 1
fl. Miu as &n element in a control system,* Brit. 3. Psychol., 38:142-143 (1948)

6. Gibbs, C. B., and Ciutton-Baker, 3., 'Pressure operated manual control levers,*
Medical Research Council, R.N.P.R.C., Operational Efficiency Sub-Committee
Report No. 200, 1-12 (1951)

7. Gibbs, C. B., 'The continjaous -eguiation of skilled response by kinaesthetic feedoack,l
Great Britain Medical Research Council, A.P.U. 190/53 March 1-13, 1953

8.%tcl, W E., 'Th.- effect of heavy loads on. hand-4hee traclkin* Great Brltan Medical
Research Council, Applied Psychology Research Unit SRI (Servo) Rteport No 3,
July 1, 1946

9. Hick, W. E., I'e edicontinuous uctionIng of the hi, man operator In pursuit tasks,'
Quart. 3. Exp. Psychol., 1:38-51 (1948)

10. Hick, W E~and Bates, IA.V.,"The human operator of control mechanisms,' Great Britain Min-
istry and Supply Permanent Records of Research and De'-elopment Mon~graph No. 17.204 (1950)

11, James, Hf. M., Nichols, N. B., and Phiilips, R. S., eds. 'Theory of serve- mechanisms,
Radiation Lab. Series No. 25. pp. 360-368, New York:McGrr w-Hlll, 1947

i2. .tenkiits, W. 0 ,'The discrimlnatnn n d rmp-d.ctlon of motor tdjuatments with

various types of aircraft conircia,* Amer. 3. Psychol., CO397-06 (1847)

13. Kellogg, 5., and Fragola, C. F., 'The Sperry zero reader,' Aeronaut. Eng. Rev ,S

(No. 10=42-3 01949)

14. Mechler E A . Russedl, L. B.. and Preston, M. G . 'The basis or the optimum aided-

15. Nesbitt, F Glen, "The Sperry zero reader," Spei ryscope (The bperry Corp., 30 I
Rockefeher Piaza N Y ). 11 'No. 9):2-3 (1949)

1,j Poulton E C , 'Per.'eptual anticipation in tracking with two-pointer and one-pointer
displays," Brit IPsychol 43 222-22V (1952)

27I



28 NVAL RESEARCN LAMOR,, "

17. Raggazinl, I. R., "Engineering aspects of the hums

unpublished paper presented at 1948 meeting of At r.

18. Russell, L., "Characteristics of the human as a lir.

M. S. thesis, Servomechanism Lab., M.I.T. (1951)

19. Searle, L, V., "Psychological studies of tracking b I
tency hypothesis as a basis for predicting optimum '

NRL Report 3872 (1951)

20. Senders, 3. W., and Cruzen, M., "Tracking perforn: .

and pursuit tasks," Wright Air Development Cente: -i- .

21. Stafford, B., "Frequency analysis of some closed-, ;. r' il....: . .. ,

NRL Report 3910 (1952)

22. Stevens, S. S., ed., "Handbook of experimental pay- .1 .- : e w York:.1b- ,

1951

23. Tufts College, "Handbook of human engineering da • • " , T-ft ti.,Ib,.

Technical Report No. SDC 199-1-1, Part 1-9 ONR .2 .tr.v-" :., T.. ,'

24. Tustin, A., 'The nature of the operator's response 2 ,t.. .. ,. ,V- Ira

tionz for controller design," . Net. Elsc. Engra., . , 2

25. Vince, M. A., "Corrective movements In a pursuit JK. Ir J Fr%' ', v~ 'oI..

1:85-103 (1948)

20. Warrilck,M. ., "Effect of transmisson-type contr" ia:: ,,n

U,.. Air Force Technical Report No. 5916, 8epter P,1

27 Woodworth, R. S., "Experimental peychology, p. 4. * N-w Y- -

Sest p/eCoPI


